An automated biosensor surface-plasmon resonance-based assay was developed for the determination of immunoglobulin G (IgG) in bovine milk and colostrum with either goat or rabbit antibovine IgG or protein G used as detecting molecule. The method is configured as a direct and nonlabeled immunoassay, with quantitation against an authentic IgG calibrant. Whole colostrum or milk is prepared for analysis by dilution into buffer. Analysis conditions, including ligand immobilization, flowrate, contact time, and regeneration, were optimized, and nonspecific binding was evaluated. Performance parameters included working range of 15-10 000 ng/mL, method detection limit of 0.08 mg/mL, overall instrument response reproducibility relative standard deviation (RSD R ) of 0.47%, mean between-run RSD R of 10.5% for colostrum, and surface stability over 200 analyses. The proposed method was compared with independent alternative methods. The technique was applied to the measurement of IgG content during early lactation transition from colostrum to milk, as well as in consumer milk, colostrum, and hyperimmune milk powders.
I n contrast to human neonates, calves are agammaglobulinemic at birth, and passive immunity depends entirely on the absorption of maternal colostral immunoglobulin (Ig) antibodies during the early neonatal period (1) (2) (3) (4) (5) (6) . The principal Ig glycoprotein in bovine colostrum and milk is IgG (>80%), of which serum IgG 1 dominates, with a minor contribution (ca 10%) from an IgG 2 isotype (1, 2, 5, 7-9). The relatively high levels of IgG in early bovine colostrum thus provide an essential source of this nutrient to the calf immediately following parturition and until it can establish immunosufficiency. Several factors, including individual variation, breed, parity, and lactation, influence the concentration of IgG in bovine colostrum (1, 2, 5) , although pathologies may also have a profound effect (6) . Although the commercial milk supply should be colostrum-free (9) , there has been significant interest in colostrum-supplemented products based on the alleged prophylactic and immunotherapeutic benefits of absorbed IgG. Thus, colostral milks from both immunized and nonimmunized herds have been processed into hyperimmune products designed for pharmaceutical and nutraceutical usage (10) .
Whether intended for protection of the commercial milk supply, physiological studies of ruminant colostrogenesis, lactation and neonatal absorption, or in support of claims made for colostrum-derived products, reliable analytical techniques are required for the measurement of IgG. Immunochemical techniques have generally been used for analysis of IgG in colostrum and milk, including immunonephelometry (11) (12) (13) ; microparticle-enhanced immunonephelometry (14) ; single-radial immunodiffusion (sRID; 1, 3, 4, 7-9, 12, 15-21); and enzyme-linked immunosorbent assay (ELISA; 8, 10, [22] [23] [24] . Alternatively, nonbiospecific electrophoretic (PAGE, IEF, CE, CZE) and high-performance chromatographic (RPLC, HIC, IC, FPLC, SEC) techniques have been used for determination of bovine whey proteins, including IgG (16, (25) (26) (27) (28) (29) (30) . Although immunoaffinity chromatography (IAC), using either immobilized antibodies or Fc-binding proteins such as protein G has been used predominantly for the purification of IgG fractions, biospecific analytical applications are also emerging (10, 27, (30) (31) (32) .
Recent developments in affinity-based immunosensor techniques exploit the potential for label-free analyte detection and quantitation through coupling of the antibody-antigen interaction via an optical, piezoelectric, or electrochemical signal transducer (33) . Optical biosensor-based techniques using surface-plasmon resonance (SPR) detection of binding events in real-time are increasingly prevalent, and general principles have been reviewed (34, 35) . Although applied predominantly for analysis of binding kinetics and specificity, the technique has also been used for concentration assays by either end-point or rate-based techniques. The prerequisite covalent immobilization of acceptor ligand to the extended carboxymethylated dextran transducer surface is commonly achieved by carbodiimide-amine coupling chemistry, yielding a random orientation of ligand (36) . Although there are several applications for milk systems targeting residues and vitamins, the technique has not generally been applied to the quantitation of bovine Ig. Nevertheless, it has been used in probing neonatal Fc-receptor:IgG interactions (37), kinetics of glutathione S-transferase (GST):anti-GST IgG binding (38) , and serum IgG antibody activity (39) . A recent study has reported the application of SPR-immunoassay for quantitative detection of potential plant protein adulterants in milk products (40) .
We describe a biosensor SPR-immunoassay format for determination of bovine IgG and its application to early lactation colostrum, milk, and commercially available products containing elevated IgG content. 
Experimental

Apparatus
Immobilization
Antibody or binding protein immobilization to a CM5 4-flow cell sensor surface was achieved by amine-coupling under instrument control at 25°C. Briefly, the designated flow cell was activated with an N-ethyl-N¢-(dimethylaminopropyl) carbodiimide and N-hydroxysuccinamide (EDC-NHS) reagent (5 mL/min, 7 min). Goat antibovine IgG (25 mg/mL in immobilization buffer, pH 5.0), rabbit antibovine IgG (35 mg/mL in immobilization buffer, pH 5.0), chicken antibovine IgG (25 mg/mL in immobilization buffer, pH 5.0), or protein G (300 mg/mL in immobilization buffer, pH 4.7) were separately immobilized to the appropriate activated flow cell (5 mL/min, 7-10 min). Finally, unreacted ester functionalities were deactivated with ethanolamine (1M, pH 8.5, 5 mL/min, 8 min). Final immobilization levels in resonance units (RU, where 1 RU = 1 pg/mm 2 ) were determined from the sensorgram. Following immobilization, the chip was stored between analyses over dessicant at 4°C in a sealed container.
Standards
The bovine serum g-globulin standard was used without spectral correction for protein (Abs 280nm ), based on the supplier claim of ca 99% IgG electrophoretic purity.
(a) IgG stock.-40 mg/mL; 400 mg lyophilized IgG was dissolved in 10.0 mL phosphate buffer (50mM NaH 2 PO 4. H 2 O, pH 6.5). 250 mL aliquots were stored at -20°C until required.
(b) IgG intermediate I.
-400 mg/mL. 100 mL of stock (a) was diluted to 10.0 mL in HBS-EP buffer.
(c) IgG intermediate II.
-100 mg/mL. Intermediate I (b) was diluted 1 + 3 with HBS-EP buffer.
(d) IgG calibrants.-10 000, 5000, 2500, 1250, 625, 312.5, and 156.0 ng/mL. Intermediate II was serially diluted with HBS-EP buffer.
Sample Preparation
Raw bovine milk was collected from a single 4-year-old Jersey (2nd calving) between days -1 prepartum and +20 postpartum. Aliquots (1.0 mL) were diluted 1:100 in HBS-EP buffer, divided into 1.0 mL aliquots, and frozen (-18°C) until analyzed by SPR-immunoassay. In preparation for analysis, aliquots were thawed at 37°C and further diluted to a final 1:10 000 (<day 1 postpartum) or 1:1000 (>day 1 postpartum) with HBS-EP buffer.
Consumer whole (3.3% fat) and skim bovine milks (0.1% fat) were retail purchased and directly diluted 1:1000 in HBS-EP buffer. Caprine, ovine, and equine milk samples were diluted 1:500; human milk 1:100, in HBS-EP buffer. Spray-dried, skimmed colostrum powders were prepared 1:10 in phosphate buffer (50mM NaH 2 PO 4 ·H 2 O, pH 6.5) with incubation for 2 h at 37°C, and aliquots were frozen (-18°C) until analyzed by SPR-immunoassay. In preparation for analysis, aliquots were thawed at 37°C and further diluted with HBS-EP buffer to a final 1:50 000 dilution. A typical hyperimmune powder was dissolved directly in HBS-EP buffer to a final 1:5000 dilution.
Analysis
Reagents and immobilized sensor chip were allowed to equilibrate to ambient temperature before use. Calibration standards and sample extracts (200 mL) were dispensed (in duplicate) into the appropriate wells of a 96-well microtiter plate and sealed with adhesive foil. The instrument system was equilibrated with HBS-EP buffer and analysis was initiated under previously optimized conditions (flow rate: 20 mL/min, contact time: 180 s). Regeneration was typically achieved with 10mM phosphoric acid (flow rate, 50 mL/min; contact time, 44-70 s). The response at 40 s after commencement of the dissociation phase, relative to the baseline sampled 10 s before sample injection, was used for quantitation.
Each injection cycle required ca 8 min, with a complete 96-well microtiter plate completed in ca 18 h, including system equilibration and duplicate calibration.
Alternative Analysis Techniques
Affinity-LC was performed on a Hi-Trap Protein G column (Amersham Biosciences) as described previously (27, 30) . RID using a commercial kit (RN 200.3) was used as prescribed by the manufacturer (The Binding Site, San Diego, CA), and an automated nephelometric technique used as recently described (13) .
Results and Discussion
IgG specific surfaces were prepared by amine coupling of ligand, following preliminary experiments to establish optimal electrostatic ligand adsorption conditions. Surface immobilization levels attained were ca 12 000 RU (ca 80 fmole) for goat anti-IgG, 10 000 RU (66 fmole) for rabbit anti-IgG, 8000 RU (53 fmole) for hen egg anti-IgG, and 2600 RU (86 fmole) for protein G. A typical immobilization procedure is illustrated in Figure 1 for the generation of a goat antibovine IgG specific surface.
All 4 immobilized ligands bound bovine IgG, as illustrated with a standard in Figure 2 . Each sensorgram illustrates the SPR response due to mass concentration changes during both association and dissociation phases of the interaction between immobilized ligand and bovine IgG.
Significant binding responses (800-1600 RU) were obtained with goat and rabbit antibovine IgG as well as protein G. However, despite its comparable immobilization level, chicken antibovine IgG yielded a relatively low binding response (ca 100 RU). Although a concentration assay was feasible, it was decided not to proceed with this ligand.
A calibration curve of response against linear IgG concentration is shown for goat antibovine IgG in Figure 3 , illustrating an assay range typically dependent on both concentration and affinity for ligand. With the high ligand immobilization levels achieved, analytical sensitivity (slope) was greatest at lower IgG levels (<1 mg/mL), while increasing saturation of binding sites at higher analyte levels led to a characteristic reduction in sensitivity.
The extent of nonspecific binding of sample components to the carboxymethylated dextran (CMD) surface was established with colostrum at various dilution levels injected over a nonimmobilized reference flow cell. Although nonspecific binding was detected (20-50 RU) at low dilutions, binding at analytical dilution levels was <10 RU and considered negligible. The ionic strength of HBS-EP buffer (150mM NaCl) is known to minimize the predominantly electrostatic adsorption of sample-matrix proteins binding nonspecifically to the hydrophilic CMD surface. The potential for nonspecific binding was further evaluated with serial dilutions of colostrum (1:20 000-1:320 000) in buffer. The normalized dilution responses for both colostral and standard bovine IgG are illustrated in Figure 4 over a goat antibovine IgG immobilized surface. Drift due to potential sample-matrix interferences is minimal, indicative of negligible nonspecific binding as well as verifying ligand specificity.
To further confirm binding specificity, competition experiments were performed for each binder. After establishment of solution equilibrium of colostral IgG and ligand, inhibition of surface association was monitored over the same immobilized ligand and was >95% for both protein G and goat antibovine IgG.
Instrument limit of detection [mean response plus 3´stan-dard deviation (SD)] was determined from the replicate, between-run response of buffer and measured 16.8 ng/mL. The method detection limit (SD´t n-1, 0.01 ) was estimated from the replicate analysis of a commercial milk sample containing a low IgG content (0.81 mg/mL) and measured 0.08 mg/mL (n = 10).
Instrument precision was estimated from aggregate duplicate-well analyses over the 3 immobilized ligands and measured 0.47% relative standard deviation (RSD). Within-run assay precision (RSD r ) for high IgG-level colostrum, colostrum powder, and low IgG-level mature milk over a goat antibovine IgG surface measured 1.49, 2.68, and 3.54%, respectively. Overall between-run assay precision (RSD R ) over goat antibovine IgG, rabbit antibovine IgG, and protein G surfaces for these samples was 12.60, 10.52, and 12.73%, respectively.
The active surfaces were durable over at least 200 injections, with a typical binding capacity decrease of ca 1 RU/cycle, which illustrates a stable immobilized ligand and an effective regeneration protocol.
Changes in IgG content during early bovine lactation were investigated in the milk of an individual animal from precolostrum (-6 h) to mature milk (+20 days) postparturition. Table 1 compares the data obtained from analyses over the 3 immobilized ligands, and Figure 5 illustrates the comparative results of affinity-LC and RID analyses against the overall mean SPR-immunoassay data.
Based on 2-way analysis of variance (ANOVA), biosensor analysis over the 3 ligands yielded statistically equivalent data (F = 1.84, P = 0.188), while the overall mean data did not differ significantly from affinity-LC or RID (F = 0.45, P = 0.645), despite these methods using different recognition molecules, standards, and calibration techniques. The equivalence of data from such independent analytical methods indicates an unbiased estimate of IgG level in fluid milk and colostrum. Figure 5 illustrates the significant physiological response to parturition, with ca 100-fold decrease between early colostrum and mature milk.
Skim colostrum and whole hyperimmune milk powders, as well as retail fluid milks, were analyzed by the described SPR-immunoassay technique. The data appear in Table 2 , along with comparative data against affinity-LC, RID, and nephelometry.
Despite fundamentally different analytical principles, the 4 techniques were generally comparable, although Tukey's honestly significantly different (HSD) post-hoc comparison revealed that SPR-immunoassay yields results lower than affinity-LC and higher than RID, but equivalent to nephelometry.
Pooled raw bovine, ovine, and caprine milk, as well as equine and human milk from individual donors, were evaluated for IgG content by the described biosensor method over both goat antibovine IgG and protein G. Results are listed in Table 3 .
Although the goat antiserum is immunospecific for bovine IgG and displayed minimal binding of IgG from other species milks, the class-specific protein G ligand provided estimates of milk IgG content in the 5 species surveyed.
The sensitivity, specificity, and quantitation range of biospecific methods are generally determined by ligand-analyte affinity, and an optimized SPR-immunoassay assay therefore relies predominantly on appropriate ligand selection and immobilization chemistry, as well as buffer conditions, contact time, and regeneration protocol. The approach is unique among biospecific techniques in its reliance on multiple regeneration, effected via disruption of noncovalent ligand-analyte interactions at the sensor surface. Three bovine-IgG ligands, evaluated as potential detection systems, provided comparable performance parameters, stable surfaces under multiple regeneration conditions, low detection limits, and minimal nonspecific binding at the high sample dilution levels facilitated by the inherent sensitivity of SPR detection.
Polyclonal goat and rabbit antibovine IgG antibodies and protein G exhibited comparable specificity for analyte, even though, as an Fc-binding protein, protein G is unable to discriminate between IgG sub-classes (41, 42). Despite a high immobilization level, avian Ig (IgY) unexpectedly failed to bind effectively with bovine IgG when compared with other ligands, since this antibody has been found useful in other biospecific bovine IgG applications (13, 24, 42) .
Of potential significance is that reported IgG levels in bovine milk have generally been based on techniques that rely on different serum IgG standards and antisera raised against se- rum rather than milk IgG. The influence of these factors has previously been studied with RID and ELISA. Such findings lead to the suggestion that serum IgG may contribute to an underestimation of milk IgG as a direct consequence of the different IgG 1 :IgG 2 ratios in bovine serum and colostrum or milk, regardless of antibody source (8, 9) . Nevertheless, consistent with most analytical methods reported, the presently described biosensor-SPR technique has used commercially available polyclonal goat and rabbit antibovine, affinity-purified serum IgG immunogen, and recombinant protein G (minus albumin-binding region), together with purified bovine serum IgG as assay calibrant. Recent studies comparing analytical methods for the determination of milk IgG have revealed evidence of method variability between nephelometry, ELISA, and RID (13) . It has also been reported that the estimation of bovine IgG content of human breast milk by RIA, competition, or sandwich ELISA techniques is method-dependent, despite the consistent use of rabbit antibovine IgG (43) . ELISA and RID have been compared with different immunoreagents (8) , whereas RID was found comparable with electrophoretic techniques for IgG determination in equine colostrum (16) . Affinity-LC was reportedly biased high compared with ELISA during the determination of IgG content of commercial colostrum products (10) . Quantitation of bovine IgG by reversed phase-LC has been compared with affinity-LC, SDS-PAGE, and RID (30) . Peak asymmetry under affinity-LC conditions revealed a structural integrity of IgG dependent on product processing conditions (27) .
Despite the fundamental differences among the 4 independent analytical techniques used here (SPRimmunoassay, RID, nephelometry, and affinity-LC), the present study has shown reasonable intermethod agreement, suggesting that each can yield a reliable estimate of IgG content in milk and colostrum. Nevertheless, it is imperative for any immunoassay that the extent of potential nonspecific binding interferences be revealed, especially for label-free detection systems such as SPR-immunoassay or affinity-LC. The high sample dilutions facilitated by the inherent sensitivity of SPR detection, and the ability to perform comparative binding experiments over a reference surface, provide the described biosensor technique with the capability of both evaluating and minimizing nonspecific binding.
It has generally been reported that colostrum and milk may be assayed whole, rather than fat-free or as whey during IgG determination (1, 7, 15, 16, (18) (19) (20) , and this protocol has been adopted during the evaluation of the SPR-immunoassay. In this study, IgG content in mature bovine milk ranged from 0.35 to 0.80 mg/mL, which compares with literature values of 0.2-1.8 mg/mL obtained by a variety of analytical techniques (9, 13, 14, 18, 20, 44) . The concentration of IgG has been consistently demonstrated to be high in mammalian colostrum, with a rapid decline through the transition to mature milk. In the case of bovine colostrum, IgG levels at Day 1 postpartum have reportedly ranged widely from 30 to 110 mg/mL, thereafter reducing to mature milk levels of 0.5-1.4 mg/mL after ca 15 days (8, 9, 13, 18, 21, 44 ). The present biosensor-SPR-based study of a single lactating cow provides data consistent with this significant temporal relationship, with IgG levels of 55-65 mg/mL immediately prior to parturition declining to ca 0.5 mg/mL in mature milk. The colostrogenic mechanisms of prepartum IgG transfer into mammary secretions have been reviewed and describe a process whereby lactogenic hormones mediate epithelial IgG 1 receptor activity (44) .
There are limited comparative data regarding the IgG content of mature milk from mammalian species. Estimates based on the described SPR-immunoassay technique using the class-specific protein G ligand are, however, comparable with reported values for ovine (0.3-0.7 mg/mL), caprine (0.2-0.5 mg/mL), equine (0.3-0.6 mg/mL), and human (0.03-0.10 mg/mL).
A feature of SPR-immunoassay is the biospecific recognition of analyte by ligand, which in the present application facilitates a measurement of functionally active IgG. The retained IgG content of both colostrum powder from nonimmunized and hyperimmune milk powder from immunized cows therefore supports the known general resistance toward thermal denaturation of colostral IgG during commercial spray-drying, although susceptibility of bovine IgG at temperatures >95°C has previously been reported (23, 45, 46) . Milk concentrates derived from both nonimmunized and immunized herds are currently used as immunotherapeutic components, and international trade will increasingly rely on traceability of analytical methods for IgG content. In the absence of an internationally recognized reference method, the present study indicates that the SPR-immunoassay may fulfill this need.
As with all immunoassay techniques, the described method provides an estimate of IgG based on binding to a specific detecting molecule, which may not always correspond exactly with total concentration. Hence, discrepancies between generic biospecific methods will generally occur because of differences in their specific interaction chemistries. It is also apparent that several common factors critically influence the analysis of IgG in milk and colostrum, irrespective of the end-point measurement technique. Thus, internationally standardized protocols advocating the use of purified colostral IgG, as both immunogen and standard, are clearly required to facilitate a more realistic comparison of the different analytical methods currently available.
Conclusions
A concentration assay based on a biosensor SPR-immunoassay is described, which relies on the specific, label-free, and real-time interaction at the sensor surface between bovine IgG in milk and colostrum and either of 3 ligands. The optimized ligand immobilization and regeneration protocol provides a stable and multiple-use IgG-specific interaction surface for quantitation by SPR optics. The described biosensor-immunoassay is rapid, sensitive, precise, and accurate and provides analytical information comparable with alternative methods in current use, while offering the benefits of automation.
